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Theoretical study on reaction analysis of Ru/TiO
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 catalyst based on density 
functional theory (DFT):  
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several hydrogenation elementary reactions. In this study, we examined the bent structure of CO
2
 molecules 
on the Ru(0001) surface and Ru-nano-clusters to investigate the Ru/TiO
2
 catalytic reaction, based on the 
density functional theory (DFT) at the generalized gradient approximation (GGA) level under the periodic 
boundary condition. The bent structure of CO
2




, and this structure can be observed not only on the Ru(0001) surface and the Ru 
nano-particles on the TiO
2
(101) surface but also on the homogeneous Ru complex catalyst. These findings 
suggest that the bending of the CO
2
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Methanol Steam Reforming Using Pd/ZnO Catalyst Prepared by the Polygonal 
Barrel-Sputtering Method 

Masato Danno, Keisuke Matsubara, Mitsuhiro Inoue, Takayuki Abe 
 
Hydrogen isotope research center, University of Toyama 
Gofuku 3190, Toyama 930-8555, Japan 
(Received December 13, 2011; accepted March 9, 2012) 
Abstract 
A Pd/ZnO sample prepared by the polygonal barrel-sputtering method was tested for the performance in 
methanol steam reforming in comparison with a similar sample from a conventional wet process.  
Transmission electron microscopy (TEM) showed that sputtering produced smaller and more uniformly 
sized Pd nano-particles than the wet process.  Steam reforming of methanol was conducted by supplying a 
gaseous mixture of methanol + H2O + Ar.  In the experiment with the polygonal barrel-sputtering method, 
H2 generation started at a lower temperature (80 °C) than that for the wet process (100 °C).  In addition, 
H2O was scarcely consumed at both of the samples when H2 was generated at < 100 °C.  These results 
suggested that the sputtering preparation allowed direct decomposition of methanol to occur easily at less 
than 100 °C, as supported by the observed relationship between the CO/CO2 generation ratio and the 
reaction temperature.  It should be noted that the smaller Pd particle sizes for the sputtering method were 
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 CH3OH + H2O → 3H2 + CO2      (1) 
 CH3OH → 2H2 + CO      (2) 





 CH3OH45 (%) = (CH3OH9:;#)/( CH3OH<=;#) × 100 (4) 
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Figure 2 (A) CH3OH conversion ratio, (B) H2
yield, and (C) H2O consumption ratio for 
methanol steam reforming reaction on Pd/ZnO 
catalysts as a function of reaction temperature. 
The inset in (B) shows the magnified graph at 
less than 100 °C. 


























































































































Table 1 Relationship between methanol steam reforming temperatures and average 
sizes of Pd particles in Pd/ZnO catalysts. 
Sample Reaction temperature / °C Average Pd particle size
1)
 / nm 
(IW)-Pd/ZnO Before 3.8 
 280 4.4 
(BS)-Pd/ZnO Before 2.4 
 150 2.3 
 200 3.2 
1) These data were estimated by averaging the sizes of more than 100 randomly 
chosen particles from TEM images. 
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Figure 3 CO and CO2 generation ratios for methanol steam reforming reaction on Pd/ZnO catalysts as a
function of reaction temperature. 
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Surface Nitridation of Titanium Particles 
by Polygonal-Barrel Plasma Treatment System 

Keisuke Matsubara, Masato Danno, Mitsuhiro Inoue, Takayuki Abe 
Hydrogen isotope research center, University of Toyama 
Gofuku 3190, Toyama 930-8555, Japan 
(Received December 12, 2011; accepted March 9, 2012) 
Abstract 
We demonstrated surface nitridation of titanium particles using the polygonal barrel-plasma treatment 
system. In order to verify the formation of TiN, a Ti plate was treated in our plasma treatment system. The 
color of the Ti plate changed from metallic to gold as a result of N
2
 plasma treatment. Glow discharge 
optical emission spectrometry of the plasma-treated Ti plate confirmed that nitrogen was inserted. From 
XPS measurements, it was also found that the nitrogen in the sample was ascribed to the formation of Ti-N 
bonds. It should be noted that the X-ray diffraction patterns of the Ti plate before and after the plasma 
treatment showed only the reflection peaks of Ti metal, supporting that the Ti-N bond formation occurred 
only on the surface of the plate. Subsequently, N
2
 plasma treatment was applied to Ti particles. The plasma 
treatment using a swinging motion of the barrel containing Ti particles changed the color of the particles 
uniformly from gray to brown. The UV-VIS absorbance spectrum of the plasma-treated Ti particles was 
similar to that of the plasma-treated Ti plate. This result was considered a proof of the Ti-N bond formation 
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Figure 3 GD-OES depth profiles of nitrogen for  
(a) as-received Ti plate, (b) N
2
 plasma-treated Ti plate. 
Figure 4 XPS N1s spectra of 
plasma-treated sample at various depth. 
Figure 5 XRD patterns of (a) as-received Ti
plate, (b) N
2
 plasma-treated Ti plate. 
(a)
(b)
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Activation of Zr(Mn0.5Cr0.5)2 and its hydrogen absorption behavior 
Masanori Hara1), Shinpei Ogino2), Katsuhiko Nishimura2),
Masao Matsuyama1)
Hydrogen Isotope Research Center, University of Toyama 
Gofuku 3190, Toyama 930-8555, JAPAN 
Faculty of Engineering, University of Toyama 
Gofuku 3190, Toyama 930-8555, JAPAN 
(Received November 17, 2011; accepted March 9, 2012) 
Abstract 
 To obtain the isotherms of Zr(Mn1-xCrx)2 - H system, the activation process 
was studied. The Zr(Mn0.5Cr0.5)2 sample prepared was heated at 873 K for 2 hrs in 
vacuum as the activation process for isotherm measurements. The isotherm at 
ambient temperature had a single plateau. However, the width of the plateau region 
decreased in the course of repetitive isotherm measurements, and the plateau 
disappeared by the 5th measurement. The disappearance of the plateau region 
would be explained by the surface poisoning due to the chromium oxide yielded by 


























































Fig. 1. X-ray diffraction pattern of Zr(Mn0.5Cr0.5)2
prepared by argon arc-melting. The pattern was 
taken using Cu-Kα line. 
Table 1. Crystal structure of Zr(Mn0.5Cr0.5)2




























































Fig. 2. Change in isotherm curves with repetitive 




































Fig. 3. Change in X-ray diffraction patterns of  
Zr(Mn0.5Cr0.5)2. These patterns were taken using 
Cu-kα line. The pattern of the as-prepared sample in 
Fig. 3(a) was assigned as shown in Fig. 1  The sample 
heated for 20 hrs at 873 K in vacuum gave Fig. 3(b). 
Fig. 3(c) was obtained from the sample 
dehydrogenation by vacuum heating after isotherm 








































Table 2. Surface composition of Zr(Mn0.5Cr0.5)2 before and after heat treatment 
 Oxygen Manganese Chromium Zirconium 
Before heat treatment 0.13 1.08 1.13 1.00 
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Abstract 
 The sticking probability of H2 on the surface of polycrystalline V covered with 
oxygen was examined as a function of oxygen concentration in the bulk metal (0.4 to 
3.3 at.%) at specimen temperatures from 200 to 1000 ºC. At all temperatures examined, 
the sticking probability was strongly dependent on the oxygen concentration in the bulk. 
Such correlation between the reaction rate of H2 on the surface and the oxygen 
concentration in the bulk was attributed to the dependence of concentration of oxygen 
vacancies (holes in surface oxygen coverage) on the oxygen bulk concentration. The 





concentration of 3.3 at.%; the oxygen coverage on vanadium was rather “holey” even at 
the oxygen concentration close to the solubility limit. The activation energy for H2 
dissociation on such holes in the coverage was evaluated to be 10 kJ/mol H2.
 
1. Introduction 
 Understanding of reaction mechanism of hydrogen on metal surfaces is 
important for the development of catalysts, hydrogen permeation membranes and 
storage materials, non-evaporable getters, low-outgassing materials and so on. The 
surfaces of these materials, however, are not necessarily clean but covered with 
nonmetallic impurities such as oxygen, sulfur and carbon in most cases. Therefore, one 
of the key issues to understand the reaction mechanism is to clarify the reaction centers 
on the metal surfaces covered with nonmetallic impurities.  
If temperature of metal surface, TS, is sufficiently high, the equilibrium is 
attained between the impurity on the surface and in the bulk. According to 
Langmuir-McLean equation [1], the correlation between the surface impurity coverage, 























,    (1)  
where ∆Hseg is the heat of surface segregation of the impurity, and kO is the constant 
coefficient. Usually, ∆Hseg takes large negative value, and hence θO is comparable to 
unity even at very low CO. Nevertheless, a certain portion of the surface, 1-θO, still 
remains free from the impurity at any TS and CO. In other words, even a monolayer 




surface sites free from the impurity). One can consider two different concepts with 
regard to the reaction centers on the metal surface covered with nonmetallic impurities.  
1. The “Holes in the coverage” concept: the surface sites free of impurity (holes 
in coverage) form active centers. This mechanism appears to be dominant at higher TS 
where, according to Eq. (1), a considerable portion of clean surface opens up. Since 
1-θO depends on CO, bulk impurity concentration will govern reaction kinetics in this 
case as demonstrated by Hörz and Fromm [2,3] who reported the clear influence of the 
bulk concentrations of oxygen and nitrogen on the reactivity of polycrystalline Nb and 
Ta towards the decomposition of CnHm molecules at TS >1200 ºC. According to Eq. (1), 
however, the fraction of coverage holes, 1-θO, is negligible at lower TS. For example, 
1-θO should be in a range of 10
-5
 at TS ~ 200 ºC in the O–Nb system even at CO as low 
as 0.1 at.% (with |∆Hseg| = 71 kJ/mol [4]).  
2. The “Holes in the barrier concept”: here, holes are regarded to be inherent to 
the regular surface sites covered with impurity [5], i.e. the holes are not the “stochastic” 
sites with the lack of impurity atoms but such area in each surface unit cell where the 
barrier is lower than in other parts for an incident molecule with particular orientation 
and internal state. For example, Eibl and Winkler [5,6] who measured the sticking 
coefficient of D2 molecules on V(111) covered with oxygen and sulfur at TS = 77 K and 
Tg = 300 K, attributed rather large value of sticking coefficient, 10
-4
, to such holes in 
barrier (Tg indicates gas temperature). 
In order to understand the type of dominant reaction centers at relatively low TS 
where one should expect a virtually saturated coverage (θO ≈ 1), the sticking probability 
of H2, αH2, on O-covered Nb surface, was measured as a function of CO in a wide 




was clearly dependent on CO at all TS examined. Namely, αH2 was proportional to 1/CO
2
. 
Therefore, it was concluded that two adjacent oxygen vacancies played the role of 
reaction centers in H2 sticking on the O-covered Nb surface even at low TS. Such 
dependence on CO has been also observed for the rate constant of recombinative 
desorption of D2 from Nb [8].  
Preliminary investigation on V containing oxygen showed that αH2 on the V 
surface is also dependent on CO [9], but details of H2 reaction have not been understood. 
In the present study, αH2 on the V surface is examined in wide ranges of CO (0.4 to 3.3 
at.%) and TS (200 to 1000 ºC) by permeation techniques [7], and the mechanism 
underlying H2 sticking is discussed by comparing the obtained results with those for Nb 
acquired in the previous study [7].   
 
2. Experimental 
 The specimen used was a membrane of polycrystalline V (0.1 mm thickness) in 
tubular shape fabricated from a sheet supplied by ESPI Metals Co., USA. Nominal 
purity of the specimen was 99.9 mass%. 
The permeation experiments were performed in an ultra-high vacuum (UHV) 
apparatus separated into two chambers by the tubular membrane [7,10]. Both chambers 
were independently pumped by turbo-molecular pumps and sputter-ion pumps, and the 
pressure of residual gas was about 10
-8
 Pa. The outside surface of the tubular membrane 
was exposed to H2 gas, H atoms or hydrogen plasma, depending on experimental 
requirements. In the case of exposure to H2 gas, the temperature of the gas was virtually 
close to room temperature due to collision with the chamber walls. The permeation flux 




analyzer. The specimen was heated resistively, and its temperature was measured by a 
thermocouple inside the tubular membrane.  
After the installation in the apparatus, the specimen surface was sputtered by 
hydrogen plasma at TS in the range from 600 to 1000 ºC. The surface analysis by Auger 
electron spectroscopy (AES) carried out in a different UHV apparatus showed that 
sulfur was a dominant segregated surface impurity in this temperature range before the 
sputtering. Nevertheless, long-term sputtering (15 hours) in this range of TS resulted in 
the removal of sulfur, and oxygen became sole surface impurity. The oxygen 
concentration in the bulk of the specimen was 0.4 at.% after the sputtering treatment. 
Then oxygen was uniformly introduced into the specimen in a step-by-step manner up 
to 3.3 at.% by a gas absorption method and subsequent diffusion annealing in UHV. At 
each step of the oxygen doping, the permeation experiments were carried out by filling 
the outside chamber with H2 gas (10
-3
 to 10 Pa) at TS from 200 to 1000 ºC. Note that at 
TS and CO utilized in this work, oxygen was in solid solution phase [11].  
When the upstream and downstream surfaces of membrane are identical, the 
permeation rate of H2, φH2, in steady state is expressed as 




α φ ,      (2) 
where αH2 is the sticking probability of H2, and φinc is incident H2 flux onto the 
upstream surface. The incident flux is expressed as φinc = 
g
/ 2P mkTπ  where P is the 
pressure of H2 gas in the outside chamber, m is the mass of a H2 molecule, and k is 
Boltzmann constant. In this work, identity of upstream and downstream surfaces was 




the H2 absorption technique mentioned in Ref. [7]; the values of αH2 on upstream and 
downstream surfaces were always comparable with each other after oxygen doping. 
 
3. Results 
At all exposure conditions, the change in the permeation rate in a transient state 
after H2 introduction in the upstream side showed that the permeation rate was 
controlled by surface processes (dissociative absorption and recombinative desorption) 
and not by bulk diffusionprocess. The diffusivity of hydrogen in V is rather high even 




/s at  
200 ºC from the data recommended by Völkl and Alefeld [12]. Hence, the steady state 
should be attained within a time scale of few seconds provided that the permeation is 
controlled by the diffusion process. It took, however, several minutes or more to attain 
the steady state in the present study. Therefore, it was possible to evaluate the sticking 
probability, αH2, from the permeation rate in the manner described in Section 2. 
Fig. 1 shows the Arrhenius plot of αH2 at various oxygen bulk concentrations, 
CO. In this case, the specimen was first heated to 1200 ºC, and then TS was reduced in a 
step-by-step manner; the specimen was kept at each temperature for 10 min. It should 
be noted that αH2 clearly decreased with increasing CO. On the other hand, no 
significant change with CO was observed in the temperature dependence; two 
characteristic bends in the plot were observed at around 500 and 300 ºC at all CO 
examined. The sticking probability αH2 showed weak temperature dependence in a 
range from 300 to 500 ºC, and the slope in this region corresponded to the activation 
energy of 10 kJ/mol H2. A stronger temperature dependence was observed in the 




35 kJ/mol (Fig. 1). Similar correlation between αH2 and CO was observed also for a 
different membrane prepared from a sheet with different nominal purity (99.35 mass%). 
It was therefore concluded that the dependence of αH2 on CO is a general property of 
V-O systems.             
In order to check whether the data on αH2 shown in Fig. 1 pertain to definite 
values determined by TS and CO, the influence of thermal history of the specimen on 
αH2 was examined. That is definitely so in the range of sufficiently high TS and CO 
where there is an equilibrium between the surface and bulk oxygen. The establishment 
of such equilibrium, however, may be very slow at lower TS and CO, and it is practically 
never reached. In this range, oxygen coverage, and correspondingly αH2, may be 
different at the same TS and CO, depending on thermal history. Figure 2 shows 
temperature dependencies of αH2 at CO = 0.4 and 1.3 at.% for two different 
measurement modes. Mode 1 corresponds to the method by which the data shown in  
Fig. 1 Temperature dependence of sticking probability αH2 on V surface at 
different oxygen bulk concentration CO indicated in the figure. 
Pressure of H2 gas in upstream side was 0.4 Pa.  















































Fig. 1 were acquired; the specimen was kept at each temperature for 10 min after 
heating in vacuum at 1200 ºC. In mode 2, the specimen was kept at each temperature for 
much longer time (more than 1 h). No significant difference between the modes 1 and 2 
was observed at low CO (as shown in Fig. 2 for CO = 0.4 at.%). At 1.0 at.% ≤  CO ≤  
1.3 at.% and TS ≥  800 ºC, however, the permeation rate first reached “quasi” steady 
state value within 10 min, and then gradually decreased with time to reach “new” 
stationary rate. Consequently, the value of αH2 measured in the mode 2 was smaller than 
those obtained in the mode 1 by ca. factor of 2 as shown in Fig. 2. Such gradual change 
in αH2 can be ascribed to gradual increase in the surface oxygen coverage by the 
segregation from the bulk. The sets of data obtained by the modes 1 and 2, however, 
showed similar temperature dependence. The difference between the modes 1 and 2 was 
not observed at CO = 1.8 at.% and higher concentrations. It was therefore concluded that 
Fig. 2 Influence of thermal history of specimen on αH2. Solid symbols refer to 
αH2 measured by keeping specimen at given temperatures for 10 min 
(mode 1), whereas open symbols refer to αH2 obtained by holding 
specimen for sufficiently long time (mode 2). Pressure of H2 gas in 
upstream side was 0.4 Pa.  
 



























the data shown in Fig. 1 are definite values determined by TS and CO at 1.0 at.% > CO 
and CO ≥  1.8 at.%, and the values at 1.0 at.% ≤  CO ≤  1.3 at.% correspond to the 
surface states before the completion of oxygen segregation but show similar 
temperature dependence as “definite” values. The values of oxygen diffusivity in V 
reported in Ref. [13] indicated that the segregation should be completed within 1 min at 
CO = 1.0 at.% and TS = 800 ºC. The rate-limiting step of oxygen surface segregation 
under the present conditions is not clarified at present.    
 The sticking probability αH2 at various TS is plotted against CO in Fig. 3. No 
systematic difference was observed at different TS, and αH2 was roughly proportional to 
1/CO. Figure 4 shows comparison of αH2 between V and Nb at selected TS. The values 
of αH2 for V are significantly higher than those for Nb. Namely, the effects of oxygen 
were much weaker for V than for Nb. In the case of the Nb-O system, αH2 was 
proportional to 1/CO
2
 at TS ≥  1000 ºC and to 1/CO
1.5
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Fig. 3 Dependence of αH2 on CO at various TS. Pressure of H2 gas in 




that on V was proportional to 1/CO as mentioned above. Namely, the dependence of αH2 




The clear dependence of αH2 on CO indicates that surface defects related to 
oxygen vacancies play dominant roles of active centers in H2 dissociation on the V 
surface covered with oxygen. Properties of such defects can be understood through the 
detailed analysis of dependence of αH2 on TS and CO. The Arrhenius plot of αH2 (Fig. 1) 
showed characteristic bends at 500 and 300 ºC as mentioned above. Change in slope 
similar to the bend at 500 ºC was also observed in the Arrhenius plot of αH2 for the Nb 
surface (Fig. 3 in Ref. [7]). Hence, the mechanism underlying the high temperature bend 
in Fig. 1 can be understood by the approach made in the previous study [7].  
Fig. 4 Comparison of αH2 between V and Nb [7]. 
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According to Eq. (1), θO ≈ 1 at any CO if TS is sufficiently low. At certain TS, 
θO should start to decrease with increasing temperature. Here, the temperature where θO 
starts to decrease, TS*, rises as CO increases. In reality, situation when θO ≈ 1 is not 
necessarily reached even at sufficiently low TS when CO is low. The previous studies for 
the Nb-O [4, 7, 14] and the Ta-O [14] systems showed that the saturation level of θO at 
sufficiently low TS decreased with decreasing CO. Nevertheless, at higher TS, θO started 
to decrease with increasing TS as expected from Eq. (1), and TS* rose with CO.  
 The sticking probability αH2 can be expressed as  






− ,    (3) 
where a multiplier factor of (0.1 - 1) is a typical range of kinetic coefficient (conditioned, 
e.g., by the preferential sticking of molecules having certain orientations [15]), σ is the 
active portion of the surface, and 2Eb is the activation energy for sticking on the active 
centers. Here, T indicates gas and/or surface temperature controlling the reaction rates, 
and T = TS in the present case. If the active portion of surface, σ, is determined by the 
sites free from impurity (oxygen in the present case), σ cannot be independent of TS: the 
number of oxygen-free sites, 1-θO, depends on TS (and CO) as described above. 
 Arrhenius plot of αH2 for the Nb-O system demonstrated the bend coincided 
with TS* [7]. Therefore, the sharp increase in αH2 with TS at TS > TS* was attributed to 
increase in σ. At TS > TS*, αH2 was proportional to 1/CO
2
 as shown in Fig. 4. This 
observation indicates that the active centers for H2 sticking are two adjacent oxygen 
vacancies whose concentration is expressed as (1-θO)
2
. Namely, σ = (1-θO)
2
 in this case. 
Substitution of Eq. (1) in Eq. (3) by assuming ( ) ( )
O O O
/ 1 1/ 1θ θ θ− ≈ −  gives the 




was constant at TS < TS*, and the activation energy observed in this region corresponded 
to 2Eb. The mechanism underlying the correlation of αH2 ∝  1/CO
1.5
 at TS < TS* was 
discussed in Ref. [7] and is not repeated here. 
 Although detailed evaluation of the oxygen coverage for the V-O system by 
AES was impossible due to overlapping of oxygen peak (510 eV) with vanadium peak 
(511 eV), analogy to the Nb-O system indicates that TS* ≈ 500 ºC for the V-O system. 
The activation energy at TS > TS* (30 – 35 kJ/mol) is determined by |∆Hseg| and Eb, and 
that at TS < TS* (10 kJ/mol H2) corresponds to 2Eb. This value of 2Eb is close to the 
activation energy for H2 sticking on active centers on the O-covered Nb surface [7]. 
Reduction in αH2 with increasing CO at 300 ºC < TS < 500 ºC can be ascribed to an 
increase in the saturation level of θO with CO. It is implausible that the steeper slope at 
TS > 500 ºC is due to the activation of H2 sticking on regular surface sites covered with 
oxygen because αH2 was clearly dependent on CO even in high TS region. In addition, 
rapid cooling from high temperature (1200 ºC) resulted in significantly larger values of 
αH2 at sufficiently low TS (e.g. 200 ºC). Such change in αH2 is possible when the 
concentration of active centers increased at high TS by reduction in θO and then it was 
frozen by rapid cooling.  
 The Arrhenius plot of αH2 for Nb showed only one bend, and the slope was 
constant at TS < TS* down to room temperature. Namely, the bend at 300 ºC in Fig. 1 
was observed only for the V-O system. In order to understand the mechanism 
underlying this low temperature bend, the pressure dependence of αH2 was examined. 
As shown in Fig. 5, no noticeable pressure dependence of αH2 was observed at       
TS > 300 ºC. At TS below 300 ºC, however, αH2 clearly decreased with increasing H2 




coverage was affected by adsorbed hydrogen or impurities contained in H2 gas at     
TS < 300 ºC. Details mechanisms underlying this pressure dependence, however, have 
not been clarified yet.   
The sticking probability αH2 on the Nb surface was proportional to 1/CO
2
 at  
TS > TS*, and this observation indicated that two adjacent oxygen vacancies make up 
active centers for H2 dissociation. In contrast to Nb, αH2 on V was proportional to 1/CO. 
This correlation suggests that αH2 was in proportion to (1 - θO) (Eqs. (1) and (3)). 
Namely, σ = (1 - θO). Such correlation may mean that hydrogen molecules dissociates 
on a single oxygen vacancy. Alternative explanation is that oxygen vacancies on the V 
surface form clusters, and the total area of those clusters is proportional to (1 - θO). 
Further investigation is required to derive conclusion on this point. 
 Since αH2 was totally determined by the dissociation on active centers, no 
direct information was available from the present results on the dissociation on regular 
surfaces sites covered with oxygen atoms. Nevertheless, the minimum value of 
Fig. 5 Temperature dependence of αH2 on V surface at various H2 pressures 
(CO = 0.4 at.%). 



























activation energy can be evaluated. Beutl et al. [16] measured the sticking probability of 
H2 and D2 on the clean V surface and reported that the probability was 0.35 for 
molecules with translational energy corresponding to room temperature. By taking this 













α = − , where 
reg
b
2E  is the 
activation energy for the dissociation on regular surface sites. The value of αH2 at TS = 
1000 ºC and CO = 3.3 at.% is 4.5 × 10
-4






2E  should be 
significantly larger than 70 kJ/mol H2. The activation energy for H2 sticking on 
O-covered sites is larger than that on active centers by at least 7 times.  
 Eibl and Winkler [5] examined angular and energy distributions of D2 flux 
desorbing from V(111) covered with oxygen and sulfur at TS = 950 K, and reported that 
desorption flux contains both thermal and hyperthermal contributions. They ascribed 
this observation to a corrugated potential energy surface. The presence of coverage 
holes, however, can be alternative interpretation of their results.  
 
5. Conclusions 
The sticking probability of H2, αH2, on the V surface covered with segregated 
oxygen was examined as functions of the oxygen bulk concentration, CO, and the 
specimen temperature, TS. At all TS examined, αH2 decreased with increasing CO. This 
observation indicates that the main channels of H2 dissociation was oxygen-free sites 




such active centers was evaluated to be 10 kJ/mol H2. The sharp increase in αH2 with TS 
was observed at TS > 500 ºC due to increase in portion of oxygen-free sites. The effects 
of oxygen presently observed for V were much smaller than that for Nb examined in the 
previous study [7].     
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Abstract 
The limits on tritium inventory in the vacuum vessel and the need for prevention of impurity 
ingress into plasma make plasma-surface interaction on tungsten an important issue. It is well known that 
plasma exposure on tungsten makes some kinds of blisters on the surface and increases the hydrogen 
inventory. On the other hands, there is a possibility that plasma exposure would change the characteristic 
of surface and surface region in tungsten and cause the increase of tritium inventory. To understand the 
change of tritium inventory in the surface region and surface in tungsten by plasma exposure, tritium 
concentration in tungsten exposure by low-energy (38eV), high-flux D plasma with was examined with   
                                   
BIXS after thermal exposure of tritium gas. D plasma exposure was carried out at specimen temperature 
around 495 and 550K. After that, specimens were exposed to gaseous tritium diluted with deuterium at 
473K for 3 hours. The tritium concentration was measured with BIXS. The tritium concentration in surface 
and surface region was found to be increased by plasma exposure. And its concentration of tungsten 




Tungsten is one of the candidate materials for plasma-facing components in fusion 
reactor. The limits on tritium inventory in the vacuum vessel and the need for prevention of 
impurity ingress into plasma, make plasma-surface interaction on tungsten an important issue. 
Surface morphology and hydrogen inventory of tungsten after plasma exposure have been 
studied with many kinds of plasma condition. Most of the results on hydrogen isotope 
retention and recycling for W have been reviewed by Causey and Venhaus,
1,2
 and Skinner et 
al.
3
 It has been found that deuterium plasma exposure to tungsten makes some kinds of blister 
on the surface and increases the hydrogen inventory.
4-10
 On the other hands, there is a 
possibility that plasma exposure would change the characteristic of surface and surface region 
in tungsten and cause the increase of tritium inventory. The authors have studied the 
deuterium depth distribution of tungsten with Nuclear reaction analysis and clarified 
deuterium depth distribution after D plasma exposure.
10
 Especially, deuterium was increased 
with approaching surface and its concentration was two orders of magnitude higher than that 




. This result indicated that tritium 
concentration in the surface and the surface region that was exposed to plasma is important 
with respect to not only the plasma surface interaction, but also the inventory and the 
decontamination of tritium in fusion reactor. In case that the hydrogen inventory of tungsten 
surface and surface region would be increased by plasma exposure, tritium inventory in the 
vacuum vessel should be taken into account not only hydrogen implantation but also the 
                        
  
increase of hydrogen concentration in surface and surface region by plasma exposure.  Beta 
ray-induced-X ray spectrometry (BIXS) can measure the tritium concentration of surface 
region in nm order due to the short path of beta-rays released from tritium. On the other hand, 
this method required tritium and tritium has to be introduced into specimen by using some 
methods. We have tried to introduce tritium to specimens with thermal exposure of tritium 
gas and to apply BIXS method to measure the tritium concentration of recrystallized tungsten 
exposed to D plasma. In this study, tritium concentration of tungsten exposed with 
low-energy (38eV), high-flux D plasma was examined with BIXS. Tritium concentration 
measurements were carried out not only in the recrystallized tungsten but also in the ITER 
grade tungsten that was not exposed to D plasma. 
2. Experimental  
The tungsten specimens exposed to plasma were the recrystallized tungsten 
(A.L.M.T. Corp., Japan) with 99.99 wt% purity and major impurities (in weight ppm) of Mo 
and Fe around 10, C and O less than 30. The specimens were finally recrystallized at 2073 K 
after cut into 10 × 10 × 2 mm and polishing. Fig. 1 shows the schematic diagram of liner 
plasma generator used in this study. The plasma was ignited by an electron-emitting filament 
made of LaB
6
with a shape of a hollow dual-spiral and maintained by an arc discharge power 
supply applied between the filament (cathode) and grounded chamber wall (anode), being 
assisted by the confinement coil. The 
water cooled specimen holder is isolated 
from the grounded chamber wall so that 
the specimen can be negatively biased to 
adjust the energy of ions impinging onto 
the specimen. The specimen is passively 
Fig. 1. Schematic view of a linear plasma generator 
that can produce low-energy and high flux plasmas.
                                        
  
heated by the plasma itself and the temperature rise was adjusted by inserting several mica 
plates of different thickness between the specimen and the holder. The temperature is 
monitored using a type K thermocouple tightly pressed to the backside of specimens. The 
ions species can be controlled by adjusting the operational parameters of plasma generator. In 
this study, plasma beams highly enriched with a single species of D2
+
 with a ratio of over 
80% were obtained, and the main impurity in the plasma was oxygen with a concentration 
less than 1 ppm. The area of the specimen exposed to the plasma was 9 mm in a diameter, and 






/s and 38 eV/D, respectively.  D plasma 
exposure to recrystallized tungsten was carried out at around 495 and 550 K of specimen to 




. The temperature dependence of deuterium inventory of 
tungsten exposed such conditions have been reported.
10
 After plasma exposure, the surface of 
tungsten specimen was observed with scanning electron microscope (KEYENCE VE-9800) 
at a tile angle of 45 
o
. 
Tritium was introduced into the specimens thermally by exposure to hydrogen gas 
containing tritium. Fig. 2 shows the schematic view of tritium exposure apparatus. The 
tritium exposure apparatus consisted of a vacuum pumping system, a quartz tube for 
specimen heating and a tritium source. The tungsten specimens, the tungsten after plasma 
exposure, as received recrystallized tungsten (non-exposure) and ITER grade tungsten, were 
placed in quartz tube of specimen 
heating. ITER grade tungsten (A.L.M.T. 
Corp., Japan) used in this study were 
with over 99.96 wt% purity and major 
impurities (in weight ppm) of Mo and Fe 
around 3, C and O less than 10. The 








Fig. 2. Schematic view of tritium exposure apparatus.
                        
  
stress relief after cut into 10 × 10 × 2 mm and polishing. Glass wool were inserted between 
each specimen to avoid the contact of each specimen. After the installation of specimen in the 
heating tube to the apparatus, specimen tube and the apparatus except the tritium source were 
evacuated by the vacuum pumping system to less than 10
-4
 Pa. Before the tritium exposure, 
specimens were heated at 473 K for degassing the quartz tube, the glass wool and specimens. 
At this temperature, we have already confirmed that deuterium in tungsten was not released 
to the vacuum by thermal desorption spectroscopy. After the high vacuum was obtained, a 
valve above the specimen heating tube was closed and the tritium source was also heated up 
after opening the valve above tritium source. Tritium in the source was diluted with 
deuterium and the tritium concentration is 7.8 %. During the heating of tritium source, the 
tritium was released into the chamber equipped with CM. The pressure of hydrogen 
containing tritium reached around 1 kPa, the valve above tritium source was closed. And 
tritium released into the chamber was introduced into the specimen heating tube by opening 
the valve above specimen. The exposure of tritium was kept 5 hours. After tritium was 
re-stored into the tritium source sufficiently, specimens were removed from the tritium 
exposure apparatus. 
BIXS measurement was carried out in the chamber in which Ar gas flowed 
continuously. Details of the BIXS measurement have been reported.
11
 Thin Be plate was used 
as the window of X-ray detector (CANBERA SSI 50150 Model), because of the energy of 
X-ray induced by tritium is very low. BIXS measurement of each specimen was continued 
until the peaks appeared clearly.
3. Results
Fig. 3 shows the results of surface observations with SEM after D plasma exposure. 
On the surface of tungsten exposed at 495 K, two kinds of blister appeared. One type had  
                                        
  
larger diameter over 10 µm, and the other had small 
diameter under 1µm. On the other hand, there was 
only one kind of blisters, its diameter was under 1 µm, 
on the surface of tungsten exposed at 550 K. This 
temperature dependence of blister morphology has 
been already reported in [10] and these observations 
suggested the deuterium inventory of tungsten in this 
study was the same as the previous study. According 









 around 500 K. 
Over 500 K, the deuterium inventory decreased 
drastically. And deuterium inventory at around 550 K was one order of magnitude smaller 
than that for 500 K. Therefore, the deuterium inventory at the exposure temperature of 495 K 
was considered to be higher than that of 550 K.  
BIXS measurement results of tungsten exposed to D plasma, as-received 
recrystallized tungsten and the ITER grade tungsten were shown in Fig. 4. The horizontal 
axis is the energy of X-rays and the vertical axis is X-ray count rate. Since the BIXS 
measurement time was wdifferent from each other, X-ray count was normalized into counts 
per second. Two peaks appeared at the 
energies of 1.8 keV and 3.2 keV in X-ray 
spectrum. The peaks at 1.8 keV and 3.2 
keV are characteristic X-rays of W (Mα) 
and Ar (Kα) respectively. Beta-ray 
released from tritium induced 





Fig. 3. Surface observations result after D 
plasma exposure 
Fig. 4. BIXS measurement results of each specimen 
                        
  
depth. Beta-ray released from tritium on the surface can induce Ar atom in the chamber. 
Therefore, Ar(Kα) depends on tritium concentration from surface to beta-ray escape depth in 
tungsten. On the other hand, beta-ray released from tritium in tungsten can excite W atom. 
Therefore, peak intensity of W (Mα) x-rays depends on tritium concentration in tungsten 
from surface to tungsten bulk. Here the maximum depth of tritium inducing Ar(Kα) and 
W(Mα) x-rays was estimated to be in 20 nm and 500 nm, respectively.
11
 So that two peaks as 
shown in Fig. 4 were obtained by BIXS measurement, tritium existed in tungsten surface to 
20 nm depths and to 500 nm depths were obtained successfully by the method of this study. 
Especially, tritium concentration of surface region of tritium existed in 20 nm depths and of 
tritium in surface could be clarified by this measurement.  According to the count rate of 
each peak, the count rate of the tungsten exposed at 495 K was the highest. And the count rate 
of the tungsten exposed at 550 K was the second one. The count rate of ITER grade tungsten 
was slightly higher than that of as-received recrystallized tungsten. This result agrees with the 
inventory and NRA results of previous paper.
10
 Therefore, BIXS measurement was shown its 
performance to obtain the tritium concentration on surface and surface region. From the result 
of fig. 4, tritium concentration in surface region and surface was found to be increased by 
plasma exposure. In other words, plasma exposure increased the amount of tritium trapping 
site in tungsten surface region and surface. Therefore, the result of fig. 4 suggested that 
plasma exposure would increase the tritium inventory of tungsten by not only hydrogen 
implantation but also the increase of the amount of hydrogen trapping site. The reason of the 
increase of trapping site could not be clarified in this study. To understand reasons of the 
increase, the surface condition after plasma exposure and tritium distribution should be 
clarified in detail. 
Here, hydrogen concentration in surface region and surface can be estimated from 
the count rate of Ar(Kα) x-rays. The count rates from 2.746 keV to 3.404 keV were chosen 
                                        
  
for the start of the Ar(Kα) peak and the end of the peak respectively. The count rate 
subtracted background was summed up between start of the peak and end of the peak. After 
that, tritium concentration was estimated by radioactivity of Ar(Kα) x-rays. Tritium 













, respectively. From this estimation, it 
was found that the tritium concentration of tungsten exposed at 495 K is about twice higher 
than that of as-received tungsten and the tritium concentration of tungsten exposed at 550 K 
is slightly higher than that of as-received tungsten. This estimation of tritium concentration 
also indicated that plasma exposure increased hydrogen trapping site in surface and surface 
region and suggested that the amount of trapping site by plasma exposure was reached twice 
higher than that of as- received tungsten .  
4. Conclusions 
To understand the change of the surface region and surface in tungsten by plasma 
exposure, we have introduced tritium in tungsten specimens by thermal exposure to tritium 
gas and applied BIXS method to measure the tritium concentration of recrystallized tungsten 
exposed to D plasma. Two peaks were observed in BIXS measurement and tritium 
concentration in the surface region and surface in tungsten were successfully obtained. 
Tritium concentration in the surface region and surface was found to be increased by plasma 
exposure. And its concentration of tungsten exposed at 495 K was estimated to be twice 
higher than that of as-received tungsten.
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A tantalum wire was contaminated with tritium unexpectedly generated during a tritium exposure 
experiment on ceramic materials. The amount of tritium retention in the tantalum wire was estimated to be 
13.3 GBq, and 88% of this amount was recovered as tritium gas by heating at 943 K. After additional 
evacuation at the same temperature, a part of the wire was dissolved in an aqueous solution of hydrofluoric 
acid. The result showed that heating was able to decrease the residual amount of tritium in the tantalum 
wire finally to 564 kBq. Subsequently, a part of the tantalum wire was immersed in pure water for about 
one month to examine the effect of water decontamination. This removed 37% of the residual tritium in the 
tantalum wire. Altogether the contamination level decreased to 355 kBq, which was 2.7x10
-3
 % of the 
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After exposing to tritium 223.3 66.52 96.4 
After evacuation by ion pump 
 (943 K) 
8.00 20.43 1.13 
After water immersion 2.35 0.88 0.55 
After 229 days from  
vacuum heating 
4.14 9.33 0.99 
After 216 days from water 
immersion. 
1.77 4.02 0.43 
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Fig. 2. X-ray spectrum observed for tantalum after 






















































Table 2.  Amount of tritium recovered by heating from tantalum. 

Temperature  / K
Total 
873 903 923 943 
Recovered amount 
GBq
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Fig. 3. X-ray spectrum observed for tantalum after 






Fig. 4. Relation between immersion time of 
tantalum into water and amount of tritium eluted 
into water.  The plots ware fitted as solid line, 
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Fig. 5. X-ray spectrum observed for tantalum after 
229 days from detritiation by vacuum heating. 
Fig. 6.  X-ray spectrum observed for tantalum 
after 216 days from end of water immersion. 
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Abstract 
 
  An alternating-current magnetometer was assembled to measure the magnetic susceptibility of 
metal hydride in hydrogen atmosphere, and its performance tests were carried out.  The 
magnetometer was designed to be integrated into the conventional pressure-composition-temperature 
(PCT) measurement system without any reconstruction.  Calibration of the magnetometer was 




 powder, and it gave a linear relationship between the output 




 powder.  The magnetic susceptibility of PdH
x
 (0 ≤ x ≤
0.7) was measured simultaneously with the PCT curve.  The magnetic susceptibility of Pd hydride 
decreased with increasing hydrogen concentration in Pd and finally reached zero at the hydrogen 
concentration above 0.65.  The behavior of magnetic susceptibility and PCT curves quantitatively 
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Fig. 1.  Schematic view of alternating 
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5(,2$(m0PCTgh|}"YSb(OPâ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-5
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Fig. 2.  Typical measurement result of 















.  The dashed line shows 
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Fig. 4.  Hydrogen concentration dependence 
of output signal and equilibrium pressure for 
Pd hydride.  The dashed line for equilibrium 
pressure is guide to the eye.  
Fig. 5.  Hydrogen concentration 
dependence of magnetic susceptibility of 
Pd hydride.  The figure includes the data 
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